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Abstract 
In this study an experimental investigation was conducted on tensile round circumferentially notched bar specimens. 
The results were compared to the experimental result on double notched tube specimens subjected to tension and 
torsion conducted in [5]. The comparison was done for moderate stress triaxiality levels larger than 0.7 with the 
objective to assess the influence of the Lode parameter on the ductile failure strain. The effective plastic strain, the 
stress triaxiality T and the Lode parameter L were determined at the center of the notch up to the point of failure by 
means of finite element based on J2-plasticity. The influence of the Lode parameter on the failure strain was 
remarkable for the high strength and low hardening material, whereas for the medium strength and high hardening 
material the influence of the Lode parameter was less prominent. The experimental results were then analyzed with 
the micromechanical model proposed in [6-7] which is based on the assumption that ductile failure is a consequence 
of that plastic deformation localizing into a band of imperfections. It is found that the micromechanical model 
captures the experimental trend and thus the influence of L on the ductility very well. It is found that the Lode 
parameter sensitivity increases with increase in the yield strength. The fractographical analysis reveals that Lode 
parameter sensitivity is associated with the failure characteristics of the material.
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1. Introduction 
Ductile fracture governed by void growth and coalescence depends strongly on stress triaxiality and 
has been studied extensively in the past [1-3]. However, all these studies have in common that the stress 
state governing failure is characterized only by the stress triaxiality. Recent experimental and numerical 
studies [4-6] show that it is insufficient to characterize the stress state only by the stress triaxiality. It is 
observed both in the experimental and numerical analysis that ductile failure is governed in addition to the 
stress triaxiality also by the Lode parameter, which discriminates between axisymmetric and shear-
dominated stress states. Hence the stress state in ductile failure is characterizing adequately by the stress 
triaxiality and the Lode parameter as the stress state parameters. 
 
The main objective of the current work is to study the difference in ductility associated with the Lode 
parameter in moderate stress triaxiality regime. Hence, the stress state is characterized by the stress 
triaxiality T and the Lode parameter L defined as 
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where ȭ  is the means stress, ȭ  is the von Mises effective stress and ȭ , ȭ  and ȭ  are the principal 
stresses with ȭ ൒ ȭ ൒ ȭ. 
 
The experimental results from [5] on the double notched tube specimen (DNT) with T > 0.7 were used 
here, which show variation in the Lode parameter between -1 and 0, corresponding to uniaxial stress state 
and pure shear stress state, respectively. In order to test the materials in consideration for a fixed L, a 
different specimen configuration than the DNT specimen needs to be used. For this purpose additional 
tests were performed on tensile round notched bar (RNB) specimens, for which L = -1 and different T 
levels are obtained by varying the notch configuration. 
 
2. Experiments 
2.1. Mechanical material properties 
Two materials were investigated, Weldox 420 and Weldox 960. The former material is a hot rolled 
medium strength steel and the latter material is a quenched and annealed high strength steel. Uniaxial tests 
on smooth round bar specimens, with the tensile axis oriented in the rolling direction of the plate, were 
performed for both the materials and the test data were fitted to the model given by 
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where the model parameters are listed in table 1. 
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Table 1. Material model parameters for Weldox 420 and Weldox 960 
Material V0 
 (MPa) 
n ࢿ૙  ࢿ࢙  ࢿ࢔  
Weldox 420 418 0.180 0.0020 0.0084 0.0162 
Weldox 960 956 0.059 0.0046 0 0.0046 
2.2. Experimental program 
Two different specimen configurations were considered in the experimental program. Tests were 
performed on RNB specimens subjected to tensile loading, with the tensile axis oriented in the rolling 
direction of the plate. The RNB specimens are shown in Fig. 1 for Weldox 420. Similar specimen set was 
manufactured and tested for Weldox 960. The variation in the notch radius will give rise to different 
stress triaxiality levels in the center of the notch while maintaining a constant value of the Lode parameter 
L = -1 when loaded in tension. The tests were carried out under quasi-static loading conditions and the 
axial displacement near the notch region and axial force where monitored.  
 
In addition, tests on DNT specimens subjected to proportional tensile and torsional loading performed in 
[5] were reconsidered. The axial tensile force and torsional torque were monitored and by measuring the 
displacement and rotation near the notch during the progress of the experiment the accumulated plastic 
strain averaged over the notch can be calculated. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. (a) Photograph showing the round notched bar (RNB) specimen set and (b) comparison of the force-displacement response of 
the RNB tests over the notch between FEM (dashed line) and experiments (solid line) for Weldoz 960. 
 
All tests on the RNB and the DNT specimens were analyzed by means of FEM in which the mechanical 
material properties were assumed to be elasto-plastic with isotropic hardening according to Eq. (2). For 
both specimen configurations and both materials the FEM load-deformation response was in good 
agreement with the experiments as shown in Fig. 1 (b) for the RNB specimens and the material Weldox 
960. Failure in the these tests is defined by a sudden load drop, i.e. when the slope of the experimental 
curve deviates abruptly from the slope of the FEM curve. Since most of the progressing damage leading 
to material failure and onset of ductile fracture occurs in the center of the notch, as is revealed by the 
scanning electron microscope fractographs of the tests, the equivalent plastic strain in the center of the 
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notch is regarded as the failure strain. The critical strain was obtained from the FEM model at the instant 
of failure.  
 
The FEM model was also used to determine the stress state in terms of T and L in the center of the notch 
up to the point of failure for each test. The combined uniaxial tensile and torsional loading on the DNT 
specimen will give rise to variation in the Lode parameter at the center of the notch in the range -1  L  0 
corresponding to a combination of an uniaxial tensile stress state and pure shear stress state, with a 
superimposed hydrostatic tension. For the RNB specimen loaded in uniaxial tension however the Lode 
parameter will be constant at the center of the notch throughout the loading history and attains the value L 
= -1 for all tests. This is characteristic for an axisymmetric tensile stress state. In Fig. 2 the stress 
triaxiality vs. the Lode parameter in the center of the notch at failure are plotted for all the tests performed 
the RNB specimen and the ones considered of the DNT specimens. Dot-dashed lines and open circles 
correspond to Weldox 420 and solid lines and solid circles correspond to Weldox 960. There is a clear 
difference in stress state at failure between the two specimen configurations.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. The stress state at the center of the notch at failure for the RNB and the DNT tests. The open circles and the dot-dashed lines 
correspond to Weldox 420 and the solid circles and solid lines correspond to Weldox 960. The lines are linear curvefits of the 
experimental data. 
 
3. Micro-mechanical analysis of the experiments 
The experiments were also modelled with the micro-mechanical model developed in [6-7] which assumes 
that ductile material failure occurs when the deformation becomes highly non-uniform and localizes into 
a thin band. Here ductile failure is regarded as the process of growth and coalescence of voids. The 
material is assumed to contain an initial planar band with a regular square array of pre-existing voids. The 
pre-existing array of voids can be viewed on as initial imperfections, which may induce localization of 
deformation and hence manifest in ductile failure. The initial ratio of void size to void spacing is defined 
as F0, which serves as a measure of the void volume fraction. The purpose of the micromechanical model 
is to capture the experimental results observed for the RNB and DNT specimens with respect to T and L. 
The loading conditions in the micro-mechanical model where chosen such that the stress state in terms of 
T and L the center of the notch upto the point of failure is resembled. For the DNT specimen a linear 
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curve-fit of the stress state in Fig. 2 was made and micro-mechanical FEM simulations were performed 
with -1  L  0 and 0.6  T  1.15 for Weldox 420 and -1  L  0 and 0.75  T  1.35 for Weldox 960. 
For the RNB specimen, however, the micro-mechanical FEM simulations were performed at L = -1 and 
0.8  T  1.8 for both materials. 
 
The results from the experiments and the micro-mechanical analysis are compared in Fig. 3(a) for 
Weldox 420 and in Fig. 3(b) for Weldox 960, where the critical strain is plotted versus the stress 
triaxiality. The critical strain from the experiments corresponds to the effective plastic strain in the center 
of the notch at failure and the stress triaxiality corresponds to T at failure in the center of the notch. 
Similarly, the critical strain from the micro-mechanical analysis corresponds to the strain at the onset of 
localized deformation, which is here regarded as the ductile failure strain. The solid lines and dashed 
lines, corresponding to the different F0  values, are the theoretical curves from the micro-mechanical 
analysis for the RNB specimen and DNT specimen, respectively. The solid and open circles represent the 
experimental results from the RNB and DNT tests, respectively. 
 
The micromechanical model captures the experimental trend and the effect on the critical strain due to the 
Lode parameter rather well. The effect of the Lode parameter is more prominent for Weldox 960, which 
is depicted in Fig. 3(b) as the disparity between the solid lines for RNB and the dashed lines for DNT. 
Hence, Fig. 3 indicates that the sensitivity to the Lode parameter increases with increase in the material 
yield strength. This behavior and the influence of the Lode parameter on ductility are also very well 
captured by the micromechanical model. Similar observation was made in [8], in which comparison of 
failure strain in plane strain tension specimens with uniaxial tensile round notched bar specimens is made 
showing that the ductility is less in plane strain than for the axisymmetric case. It is also reported that the 
difference between the plane strain and the axisymmetric ductility increases with increasing material yield 
strength. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Failure loci for (a) Weldox 420 and (b) Weldox 960, where the critical strain is plotted vs. stress triaxiality at failure. The 
solid circles represent experimental results for the RNB specimen and the open circles represent experimental results for the DNT 
specimen. The lines pertain to results from the micro-mechanical model where the solid lines correspond to the RNB specimen and 
dashed line to the DNT specimen. 
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4. SEM fractographs 
An extensive SEM study of the DNT specimen was previously undertaken in [5] showing that failure is 
governed by two different rupture mechanisms. The rupture mode favored at low stress triaxiality levels 
is shear dimple rupture, which is characterized by shallow small elongated shear dimples, where final 
rupture is caused by internal shearing between the voids. At high stress triaxiality levels however the 
fracture surface exhibits large deep dimples indicating that the dominating failure process is void growth. 
Here final rupture occurs by internal necking between voids. Similar SEM fractographical investigation 
was undertaken for the RNB specimen in the current study.  Here due to the tensile stress state (L = -1) 
the rupture mechanism is governed by void growth and coalescence by internal necking between voids. 
When comparing the failure characteristics observed from the SEM investigation for the two specimen 
configurations as shown in Fig. 4 for Weldox 960 the effect of the Lode parameter is evident. The failure 
characteristics differ considerably which is manifested in the difference in ductility between the RNB and 
the DNT tests in Fig. 3(b), as is also predicted by the micro-mechanical model. For Weldox 420 however 
the failure characteristics as depicted in Fig. 5. are much the same and hence no difference in ductility in 
Fig. 3(a) is observed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.  Representative SEM fractographs for Weldox 960 with the (a) RNB tests where T = 1.23 and L = -1 and DNT tests where T 
= 1.24 and L = -0.25. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.  Representative SEM fractographs for Weldox 420 with the (a) RNB tests where T = 1.20 and L = -1 and DNT tests where T 
= 1.10 and L = -0.25. 
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5. Conclusion 
In this study the influence of the Lode parameter on ductility has been investigated. Two different 
specimen configurations were considered, round notched bar (RNB) and double notched tube (DNT), 
resulting in different stress state at failure. The RNB specimen attains a constant L = -1 while T is varied 
by varying the notch geometry. The tests on the DNT specimen conducted in [5] however are subjected to 
tension and torsion resulting in -1  L  0. The experiments were analyzed with the micromechanical 
model proposed in [7] and showed good agreement with the failure strains from the experiments. Two 
materials were considered, a medium strength high hardening steel Weldox 420 and a high strength low 
hardening steel Weldox 960. It was found that the Lode parameter has a significant influence on the 
ductility. For Weldox 420 the effect of the Lode parameter in the moderate to high stress triaxiality 
regime is less marked, whereas in the low stress triaxiality regime, T < 0.7, the Lode parameter exerts a 
strong effect on ductility as reported in [5]. For Weldox 960, it was found that the effect of the Lode 
parameter is strong in the entire T regime. From this observations it can be concluded that sensitivity to 
the Lode parameter increases with increase in material yield strength. The fractographical analysis 
indicates that the sensitivity to the Lode parameter is associated with underlying rupture modes and 
failure characteristics. 
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